Reactive oxygen species (ROS) are produced during seed desiccation, germination, and ageing, leading to cellular damage and seed deterioration and, therefore, decreased seed longevity. The effects of simultaneous overexpression of two antioxidant enzymes on seed longevity and seed germination under stressful conditions were investigated. Transgenic tobacco simultaneously over-expressing the Cu/Zn-superoxide dismutase (CuZnSOD) and ascorbate peroxidase (APX) genes in plastids showed normal growth and seed development. Furthermore, the transgenic seeds displayed increased CuZnSOD and APX enzymatic activities during seed development and maintained antioxidant enzymatic activity after two years of dried storage at room temperature. The two-year stored non-transgenic seeds (aged NT seeds) had higher levels of ion leakage than the two-year stored transgenic seeds (aged CA seeds), indicating membrane damage caused by ROS was more severe in the aged NT seeds than the aged CA seeds. The aged CA seeds decreased germination rates as compared to newly harvested transgenic and nontransgenic seeds. The aged CA seeds, however, significantly increased germination rates under various abiotic stress conditions as compared to aged NT seeds. These data strongly suggest that simultaneous over-expression of the CuZnSOD and APX genes in plastids improves seed longevity and germination under various environmental stress conditions by attenuating the effects of oxidative stress produced by elongated storage conditions and harsh environmental stresses.
Introduction
Seeds suffer from extreme desiccation during seed development and storage (Priestley, 1986; Hendry, 1993; McDonald, 1999; Pammenter and Berjak, 1999) . When plant tissues undergo drying, they have increased membrane permeability, lose membrane functions, and experience disturbances in metabolism (Bewley, 1986; Crowe et al., 1992; Vertucci and Farrant, 1995; Leprince et al., 1999) . These metabolic disorders in drying seeds are accompanied by an accumulation of high amounts of reactive oxygen species (ROS). ROS include superoxide (O transducers. A slight alteration in the homeostatic state of intracellular ROS levels signals the cell to modulate its metabolism, gene expression, and post-translational modification of proteins (Finkel and Holbrook, 2000; Kannan and Jain, 2000; Halliwell and Guttrridge, 2002) . Survival in the dried state involves retention of membrane functional integrity (Crowe et al., 1992; Hoekstra et al., 1997) . Therefore, the ability of seeds to withstand desiccation can be positively related to their ability to scavenge ROS to avoid membrane lipid peroxidation and protein denaturation during desiccation (Hendry et al., 1992; Leprince et al., 1993; Vertucci and Farrant, 1995) .
Seeds lose germinability and viability during prolonged storage periods (Smith and Berjak, 1995; McDonald, 1999) . Reduced germination rates may be an indication of seed ageing. Aged seeds often have perturbed metabolic processes during seed germination, such as the establishment of respiration, ATP production, and protein synthesis (Bewley and Black, 1994) . Aged seeds also have an increased leakage of ions, amino acids, and sugars during imbibition, indicating a loss of plasma membrane integrity (Bewley, 1986; Priestley et al., 1985) . The increased loss of barrier properties of the plasma membranes gradually leads to an inability of cells to maintain turgor osmotically, eventually leading to death of the aged seeds (Parrish et al., 1982) .
Many studies indicate that the loss of viability during seed ageing is mainly related to the loss of plasma membrane integrity, which is caused by the production of free radicals and ROS during storage (Roberts, 1972; Maguire, 1977; Senaratna et al., 1988; Bewley and Black, 1994; Bailly, 2004) . Oxidative reactions during seed storage have been shown to be the major reactions responsible for the deterioration due to the production of free radicals and ROS (Spencer et al., 1973; Flood and Sinlair, 1981; Ohlrogge, 1982; Priestley and Leopold, 1983; Wilson and MacDonald, 1986) . When ROS levels exceed the cellular antioxidant capacity, the disrupted cellular ROS homeostasis can result in oxidative injury. In a chain reaction, ROS can attack and damage membrane lipids (peroxidation of unsaturated fatty acids), proteins (denaturation of enzymes), carbohydrates (cleavage of polysaccharides), and nucleic acids (nicking, cross-linking, and scission of DNA strands) (Harrington, 1973; Gardner, 1979; Fujimoto et al., 1984; Priestley, 1986 ). This imbalance is either caused by excessive intracellular ROS production or by a deficiency in the antioxidant system that controls ROS levels (Lamb and Dixon, 1997) .
Plants have evolved very efficient, but complicated, antioxidant systems to scavenge ROS to protect themselves from oxidative reactions (Allen, 1995; Halliwell and Gutteridge, 1999) . The antioxidant system includes antioxidant enzymes, lipid-soluble membrane-associated antioxidants, such as a-tocopherol, b-carotene, and ubiquinone, and water-soluble antioxidants, such as glutathione and ascorbate (Monk et al., 1989; Halliwell and Gutteridge, 1999) . Antioxidant enzymes are the most active, advanced, and efficient protective mechanism against ROS (Monk et al., 1989; Halliwell and Gutteridge, 2002) . Important antioxidant enzymes are catalase, superoxide dismutases (SODs), peroxidases, and enzymes in the ascorbate-glutathione cycle. Among these antioxidant enzymes, SODs (EC 1.15.1.1) catalyse the dismutation of two superoxide (O À 2 ) radicals and water into H 2 O 2 and O 2 . Three SOD genes are distinguished by their locations and covalently-linked catalytic metal ions. Manganese SOD has Mn (III) at the active site and is localized to mitochondria (Zelko et al., 2002) . Iron SOD has Fe (III) at the active site and is found in chloroplasts. CuZnSOD has Cu (II) plus Zn (II) at the active site and is found in the cytosol and plastids. Peroxidases oxidize organic substrates (R-H 2 ) with H 2 O 2 producing an oxidized substrate and water. The ascorbate-glutathione cycle, also known as the HalliwellAsada or water-water cycle, utilizes serial enzymes, ascorbate peroxidase (APX), dehydroascorbate reductase, glutathione reductase, and monodehydroascorbate reductase to scavenge superoxide radicals and H 2 O 2 in chloroplasts (Asada, 1999) . CuZnSOD and APX are the first line of defence against oxidative stress in plastids.
There have been several reports describing synergistic effects of the simultaneous expression of ROS-scavenging enzymes on stress tolerance (Aono et al., 1995; Payton et al., 2001; Kwon et al., 2002) . Previously, tobacco (Nicotiana tabacum cv. Xanthi) plants were transformed with both chloroplastic CuZnSOD and APX genes (CA plants) (Kwon et al., 2002) . The CA plants displayed greater tolerance to oxidative stress induced by methyl viologen than did non-transgenic plants (NT plants) (Kwon et al., 2002) . Using seeds from NT and CA plants, the effect on germination of simultaneous overexpression of CuZn-SOD and APX in seeds during prolonged storage and adverse germination conditions was investigated further. These results presented here show that overexpression of both CuZnSOD and APX in plastids improved seed longevity and enhanced germination rates under unfavourable environmental conditions.
Materials and methods

Plant materials and germination assay
The CA plants were transgenic tobacco (Nicotiana tabacum cv. Xanthi) plants expressing both the CuZnSOD and APX genes under the control of a CaMV35S promoter, as previously reported (Kwon et al., 2002) . CA plants showed higher resistance against MV-mediated oxidative stress than NT plants. CA and NT plants were grown in commercial mineral-mixed soil in a greenhouse maintained with a 16/8 h day/night and 30/22°C day/night cycle. Aged NT and CA seeds were harvested at 90 DAA and were stored for up to 2 years under ambient dried conditions at room temperature. The newly harvested 90 DAA seeds and the 90 DAA seeds stored for two years are referred to as 'new' and 'aged', respectively.
For germination experiments, NT and CA seeds were surfacesterilized with 70% (v/v) ethanol for 10 s and 2% (v/v) Clorox for 15 min, washed thoroughly several times with distilled water, and then placed on Murashige-Skoog (MS) medium. The MS medium was added to 4% PEG 8000 for osmotic stress (abbreviated as O), to 100 mM NaCl for salt stress (abbreviated as OS), or incubated at 15°C for low-temperature stress (abbreviated as OL). Seeds were exposed to individual (D, S, or L) or combined stresses, specifically osmotic stress and salt (OS), low-temperature and salt (LS), low-temperature and osmotic stress (LO), low-temperature, osmotic stress, and salt (LOS) during imbibition and germination. Rates of germination were scored by counting seeds with radicle protrusion of at least at 2 mm in length. All assays were replicated at least three times using 25 seeds per replicate.
ROS-release assay
Release of ROS from seeds during imbibition was determined as previously described by Schopfer et al. (2001) with some modifications. The ROS detection solution containing 50 lM dichlorofluorescein diacetate (DCFH-DA) (Serva, Heidelberg, Germany) in 20 mM K-phosphate buffer (pH 6.0) was incubated for 15 min at 25°C with 0.1 g l À1 pig liver esterase (Boehringer Mannheim, Germany) for deacetylation to produce dichlorofluorescein (DCFH). Seeds (0.1 g) were imbibed in 1.5 ml freshly prepared ROS detection solution for 15 min at 25°C and shaken at 150 rpm. One millilitre of the solution was used for measuring fluorescence (488 nm excitation and 525 nm emission) using a fluorescence spectrophotometer (LS-50B, Perkin-Elmer, Bucks, England). Blanks consisted of ROS detection solution without seeds, which were run in parallel to compensate for the spontaneous change of fluorescence. The fluorescence resulting from the oxidation of DCFH to fluorescent dichlorofluorescein by ROS was measured in the ROS detection solution containing seeds and in the blanks, and the difference was calculated.
Ion leakage analysis
The levels of ion leakage from CA and NT seeds were measured as previously described (Bowler et al., 1991) with some modifications. A total of 0.1 g CA or NT seeds soaked in 0.5 ml distilled water were maintained in an incubator at 25°C for 5 d in the dark. The conductivities of the incubated solutions were measured using a conductivity meter (Model 455, Istek, Korea). All assays were replicated at least three times, and the averages and standard deviations were calculated.
SOD and APX enzymatic assays CA and NT seeds in various maturation stages and seedlings were analysed to determine SOD and APX enzymatic activity. For protein extraction, seeds and seedlings were ground in liquid nitrogen and suspended in SOD or APX homogenization buffers. SOD and APX homogenization buffers were composed of 50 mM potassium phosphate (pH 7.0) with 0.1 mM EDTA, and 50 mM HEPES (pH 7.0) containing 1 mM ascorbate and 1% (v/v) Triton X-100, respectively. After centrifugation at 4°C for 10 min at 12 000 g, supernatants were collected and used to determine activities of SOD and APX. The enzymatic activities of SOD isoenzymes were detected on a native gel as previously described (Beauchamp and Fridovich, 1971) . The enzymatic activities of APX were identified using the method of Mittler and Zilinskas (1994) . Total protein concentrations were measured using the Bradford method (Bradford, 1976) and the Bio-Rad Protein Assay Solution (Bio-Rad, Hercules, CA, USA).
Results
CuZnSOD and APX enzymatic activity during CA seed development Antioxidant enzymatic activity during tobacco seed development was analysed using the native polyacrylamide gel method (Beauchamp and Fridovich, 1971) . CA and NT seeds were collected at the early immature stage (50 d after anthesis, DAA), at the middle immature stage (60 DAA), at the harvesting stage (90 DAA), and at the dry stage (150 DAA) (Fig. 1A) . In a previous report, actively growing leaves of CA plants had 1.2-fold and 7.6-fold higher specific SOD and APX enzymatic activities, respectively, than NT plants (Kwon et al., 2002) . All maturation stages of CA and NT seeds had SOD and APX enzymatic activities (Fig. 1B,  C) . In all stages of the CA seeds, there were additional bands in the polyacrylamide gels corresponding to CuZnSOD and APX enzymatic activity that were not detected in NT seeds. These data indicate that the transgenes CuZnSOD and APX were successfully expressed during CA seed development (Fig. 1B, C) . Enzymatic activities of CuZnSOD were low during the early immature stage, increased during the middle immature and harvesting stages, and then decreased during the dry storage period (Fig. 1B) . The transgene APX enzymatic activity appeared at the early immature stage and dramatically increased after the early immature stage (Fig. 1C) . The enzymatic activity of CuZnSOD and APX remained relatively high in dry seeds (Fig, 1B, C) .
To confirm the positive correlation between the increased enzymatic levels of CuZnSOD and APX and the scavenging capacities of ROS, the amount of ROS released from seeds was determined in the newly harvested seeds (90 DAA; new seeds) and in the dried seeds stored for two years at room temperature (aged seeds) (Fig. 1D) . Production of ROS was detected in all new and old NT and CA seeds. New NT and CA seeds produced slightly higher levels of ROS than old NT and CA seeds without any statistical significance. However, ROS production from the new and aged NT seeds was significantly higher than that from the new and aged CA at 30 min of the reaction time (Fig. 1D ).
Enhanced desiccation tolerance in aged CA seeds during prolonged storage
The level of ion leakage from imbibed NT and CA seeds was measured to evaluate membrane integrity (Fig. 2) . There was no difference found in ion leakage between new NT and new CA seeds during the course of 5 d. However, aged NT seeds had higher amounts of ion leakage as compared with aged CA seeds following imbibition during all the 5 d of observation. After 5 d of imbibition (DAI), the aged NT seeds leaked 170% more ions than did the aged CA seeds.
Enhanced CA seed germination during various abiotic stress conditions
Osmotic stress, salt, and low temperatures adversely affect the germination of seeds. To evaluate the effect of the transgenes CuZnSOD and APX on the germination of aged NT and CA seeds, the germination rates of the aged NT and CA seeds were examined for 4 weeks. The germination behaviour of NT and CA seeds was measured during the various stress conditions. All conditions eventually led to the increased production of ROS by the seeds. The effect of the abiotic stresses on germination was measured by counting germinated seeds with root extrusions. The aged CA seeds showed enhanced germination and growth during osmotic stress, salt stress, and low temperature treatments (Fig. 3A) . Germination of aged CA and NT seeds were also tested in combined stress conditions, including osmotic stress/salt (OS), low temperature/osmotic stress (LO), low temperature/salt (LS), and low temperature/osmotic stress/ salt (LOS) (Fig. 3B) .
Aged CA seeds showed a significant increase in germination as compared to aged NT seeds under all abiotic stress conditions (Fig. 3C) . New CA and NT seeds showed no difference in days needed for 90% germination (Fig. 3C, a) . When aged CA and NT seeds were tested for germination, however, the aged CA seeds germinated 1 d earlier than aged NT seeds (Fig. 3C, b) . Treatments of osmotic stress, salt or low temperatures significantly delayed the germination of aged NT seeds compared with that of aged CA seeds [ Fig. 3C c, d, e) , resulting in 89.2% germination of aged CA seeds at day 12 compared with 44.1% germination of aged NT seeds on the same day in the osmotic stress treatment, and in 88.0% germination of aged CA seeds at day 13 compared with 53.0% germination of aged NT seeds. Even during the combination of all three stress conditions, the germination of seeds was delayed at least 5 d longer than the non-stressed control seeds. The combination of osmotic stress and salt stresses delayed the germination of aged NT seeds for 5 d longer than aged CA seeds (Fig. 3C, f) . When aged CA seeds were imbibed under the combined treatment of low temperature and osmotic stress, 90.9% germinated in 20 DAI, which was a delay of 2 weeks (Fig. 3C, g ), but much faster than aged NT seeds, which only germinated 57.9% on the same day. The combined effect of low temperature and salt stress on aged CA and NT seeds was similar to the combined effect of low temperature and osmotic stress (Fig. 3C,  h ). When all three stresses were combined, the germination of aged seeds was significantly delayed (Fig. 3B, i) . None of the aged CA and NT seeds germinated until 12 DAI. The germination of aged NT seeds was severely delayed, with only 53.9% of aged NT seeds germinating by day 24 of the treatment when 90% of aged CA seeds had germinated.
Changes of CuZnSOD and APX enzymatic activities in aged seeds during germination
Enzymatic activities of CuZnSOD and APX in aged CA and NT seeds were measured during seed germination and Fig. 2 . Ion leakage assay to test membrane integrity of NT and CA seeds. The conductivity of distilled water containing new or aged NT or CA seeds was measured over 120 min. Data are presented as mean 6SD of three independent measurements. Fig. 3 . Enhanced seed germination of aged CA plants under single or combined abiotic stress conditions. Twenty-five NT and CA seeds were germinated and the germination rates were recorded in Murashige-Skoog (MS) media with various environmental stress conditions for 4 weeks at 25°C except low temperature (L) treatment at 15°C. (A) Photographs of 1-week-old aged NT and CA seeds grown in MS medium (MS) or in MS medium treated with osmotic stress (O, MS media added with 4% PEG), salt (S, MS media added with 100 mM seedling development (Fig. 4) . The aged CA seeds had very small amounts of SOD enzymatic activity from the newly introduced CuZnSOD gene, even after 2 years of storage. The enzymatic activities of CuZnSOD increased gradually for 8 DAI in CA seeds. Aged NT plants did not display the enzymatic activities of the transgene CuZnSOD (Fig. 4A) . The enzymatic activities for the transgene APX were detected at very high levels in aged CA seeds after 3 DAI and drastically increased over 8 DAI (Fig. 4B) . Aged NT seeds did not have any APX enzymatic activities at the band location for the transgene APX product.
Discussion
The dehydration state of stored-seed tissues is associated with an increased production of ROS, which can trigger numerous deleterious oxidative processes causing disruption and deteriorative changes (Leprince et al., 1993; Smirnoff, 1993) . ROS accumulation in prolonged-storage and dried seeds may lead to oxidative stress and seed deterioration (Bailly, 2004) . These oxidative processes are known to be common causes of decreased structural integrity and increased mortality of seeds (Priestley et al. 1985; Hendry et al., 1992; Smirnoff, 1993) . Therefore, protection against oxidative processes may be a major determinant of longevity of stored seeds (Harrington, 1973; Spencer et al., 1973; Flood and Sinlair, 1981; Ohlrogge and Kernan, 1982; Priestley and Leopold, 1983; Wilson and McDonald, 1986) . There have been several reports that enhanced antioxidative defence systems play important roles in the acquisition of seed desiccation tolerance (Smirnoff, 1993; Li and Sun, 1999; Bailly et al., 2001) . In a previous study, the simultaneous expression of CuZnSOD and APX genes in tobacco chloroplasts increased tolerance to oxidative stresses (Kwon et al., 2002) . Here, whether the increased antioxidant capacity of plastids is positively related to the germination rate of long-term stored dried seeds was investigated further.
The newly introduced CuZnSOD and APX gene products were actively expressed during seed maturation and maintained small amounts of enzymatic activity during prolonged seed storage over 2 years. The two genes were under the control of the 35S promoter actively expressed during maturation and germination. The CaMV 35S promoter, a constitutive promoter, is regulated developmentally and tissue-specifically (Sunilkumar et al., 2002) . In the CA plants, the activities of antioxidant enzyme showed differences during seed maturation and germination (Figs 1, 4 ). These differences in enzyme activities during the developmental stages emphasize again that the CaMV 35S promoter is constitutive but is regulated developmentally. This high expression of the two transgenes resulted in reduced ROS production by aged CA seeds as compared with aged NT seeds ( Figs 1D, 4) . Among the many indicators of seed vigour and germination ability, the best indicator for low seedling vigour is the degree of leakage of various intracellular substances from imbibing seeds (Becwar et al., 1982; Kakefuda et al., 1982) . Aged NT seeds had significantly higher levels of ion leakage during imbibition than the new NT seeds. However, overexpression of CuZnSOD and APX in plastids lowered the amount of ion leakage and maintained membrane integrity during imbibition by aged CA seeds (Fig. 2) . Membrane lipids in seeds are the primary site for deterioration during the ageing process due to attack by ROS and free radicals during storage (Harrington, 1973; Spencer et al., 1973; Gardner, 1979; Flood and Sinlair, 1981; Priestley and Leopold, 1983; Wilson et al., 1986) . The aged CA seeds maintained CuZnSOD and APX enzymatic activity during the 2 years of dried storage at room temperature, suggesting that dried seeds may sustain germination vigour as long as antioxidant enzymes Fig. 4 . Enzymatic activity of SOD and APX in aged NT and CA seeds during germination. Aged NT and CA seeds were incubated in an MS medium for 8 d in an incubator maintained at 25°C with a 16/8 h day/night cycle. The enzymatic activities of SOD (A) and APX (B) in aged NT and CA seeds were analysed by native polyacrylamide gel assays. Stars indicate the bands corresponding to enzymatic activity from the transgene products of CuZnSOD and APX. NaCl), or low temperature (L, grown at 15°C). (B) Photographs of 1-week-old aged NT and CA seeds grown in MS medium under combined stress conditions, such as osmotic stress and salt (OS), low temperature and osmotic (LD), low temperature and salt (LS), and triple combined stress (LOS). (C) Germination rates of NT and CA seeds in MS media treated with environmental stressors. (a) Seed germination rates of new NT and CA seeds in an MS medium for 4 weeks. Seed germination rates were observed for 4 weeks for aged NT and CA seeds in an MS medium (b), and in an MS medium treated with osmotic stress (c), salt (d), low temperature (e), osmotic stress and salt (f), low temperature and osmotic stress (g), low temperature and salt (h), or low temperature, osmotic stress, and salt combined stresses (i). Data are presented as mean 6SD of three independent assays. maintain their enzymatic activities. There was no difference in ion leakage and germination rates in the new CA and NT seeds, indicating that newly harvested seeds would not have increased seed vigour, even with increased antioxidant capacities.
Osmotic stress, salt, and low-temperatures are common environmental stresses that adversely affect seed germination and plant growth (Bailly, 2004) . In nature, plant seeds encounter a combination of these environmental stresses, which have much more harmful effects on germination than individual stresses. Each environmental stress reduces seed germination due to increased production of ROS (Bailly, 2004) . Combinations of osmotic stress, salt, freezing, and low temperatures are accompanied by the formation of ROS, thereby, significantly decreasing seed germination (Holmberg and Bulow, 1998; Dat et al., 2000) . All given environmental stresses, including combined stresses, reduced the germination rates more significantly for aged NT seeds than for aged CA seeds. Aged CA seeds achieved almost 100% germination under the combined treatment of osmotic stress, salt, and low temperature at 25 DAI, however, only 50% of aged NT seeds germinated. These results indicate that the germination vigour of aged NT seeds, decreased severely due to the triple stress combination, however, could be overcome by the enhanced antioxidative capacities in plastids.
ROS are the major molecules responsible for reducing seed longevity after prolonged storage, and can also be a factor inhibiting germination during stressful conditions (Bailly, 2004) . Seed germination in nature can be affected by elongated storage times and unexpected serious environmental challenges, which cause increased ROS production in the seeds. The results in this report demonstrate that raised antioxidant enzymatic activities in plastids can increase seed longevity and germination rates under unfavorable conditions and may help seeds germinate more efficiently in unfavourable environments.
